The expansion of body fat, and particularly of visceral fat, in obese individuals is linked to increased cardiovascular risk. Recent studies have demonstrated that mitochondrial biogenesis and function are decreased in white adipose tissue (WAT), liver, and skeletal muscle of obese/diabetic animals and humans ([@B1]). Notably, nitric oxide (NO) generated by endothelial NO synthase (eNOS) increases mitochondrial biogenesis, including peroxisome proliferator--activated receptor γ coactivator-1α (*PGC-1*α) gene expression, in white adipocytes and myocytes ([@B2],[@B3]), while genetic eNOS deletion downregulates mitochondrial biogenesis ([@B2],[@B3]). Interestingly, eNOS deletion increases p38 mitogen-activated protein kinase (MAPK) activity ([@B4]), which can reduce PGC-1α and mitochondrial gene expression ([@B5]). On the other hand, the metabolic sensor adenosine monophosphate--activated protein kinase (AMPK) activates eNOS ([@B6]), PGC-1α expression, and mitochondrial biogenesis ([@B7]).

Cannabinoid type 1 (CB1) receptors control energy metabolism through the modulation of many central and peripheral processes ([@B8]). Notably, CB1 receptor--deficient mice are lean ([@B9]) and resistant to a high-fat diet (HFD) ([@B10]). Similarly, the selective CB1 receptor antagonist SR141716 (rimonabant) persistently reduces body weight of obese mice ([@B11]), improving WAT metabolism with reversion of liver steatosis ([@B12]) and increasing glucose uptake in skeletal muscle ([@B13]). We have recently demonstrated that both genetic and pharmacological blockade of CB1 receptor increases AMPK activity, mitochondrial biogenesis and function in WAT of HFD-fed mice, in an eNOS-dependent manner, to the levels of chow regular diet-fed controls ([@B14]). This is accompanied by a reduced body weight gain and adiposity.

Since the endocannabinoid system is overactive in peripheral organs, and particularly in the visceral fat of obese subjects, while circulating levels of endocannabinoids are elevated in type 2 diabetic patients ([@B15]), our previous results suggested that the CB1 receptor overstimulation, by downregulating mitochondrial biogenesis in metabolically active tissues, could partly justify the increased fat depots and metabolic dysfunctions in obese rodents. The present study analyzed the in vitro and in vivo effects of endocannabinoid receptor agonists, including 2-arachidonoyl-glycerol (2-AG) and anandamide (AEA), and selective CB1 agonist, such as arachidonyl-2-chloroethanolamide (ACEA) ([@B16]), on mitochondrial biogenesis in primary white adipocytes and WAT, liver, and skeletal muscle of lean and obese mice. Moreover, the role of eNOS, p38 MAPK, and AMPK pathways in this process was investigated.

RESEARCH DESIGN AND METHODS
===========================

Cell culture and reagents.
--------------------------

White fat precursor cells were enzymatically isolated from epididymal WAT of 8-week-old male C57BL/6J, wild-type (F2 hybrid B6.129S2 obtained from crossing C57BL/6J and 129S1/SvImJ mice), and B6.129P2-Nos3^tm1Unc^/J (eNOS^−/−^) mice ([@B17]) (The Jackson Laboratories, Bar Harbor, ME) and cultured as previously described ([@B14]). At day 3--4 from seeding, cells were exposed to the culture medium containing CB1 agonists for 48 h or different periods of time when specified. The medium was discarded, the wells were washed twice with 2 ml ice-cold phosphate-buffered solution (PBS) (Sigma-Aldrich), and the cells were harvested as reported below for the different assays. Primary human subcutaneous and visceral preadipocytes, isolated from subcutaneous and visceral/abdominal tissue (kidney and bladder) of normal weight subjects without metabolic disorders, together with specific growth media, were purchased from Lonza (Walkersville, MD). SB203580 and SB202190 were obtained from Tocris Bioscience (Bristol, U.K.). All other chemicals, including ACEA, 2AG, and AEA, were purchased from Sigma (Milan, Italy).

CB1 siRNA and p38MAPK siRNA.
----------------------------

White adipocytes were transfected at day 3--4 after seeding with 10 nmol/l CB1 or 50 nmol/l p38MAPK siRNA SMARTpool (Dharmacon, Lafayette, CO) or *siCONTROL* nontargeting siRNA using Dharmafect three transfection reagent. Cells were treated for 48 h with 0.01 μmol/l ACEA, and RNA and protein were harvested. Efficacy of transfection was determined using si*GLO*-RISC-free nontargeting siRNA and estimation of siRNA uptake by fluorescence detection (absorbance/emission 557/570 nm).

Animals and treatments.
-----------------------

The animals were treated according to protocols approved by the Milan University Institutional Animal Care and Use Committee. In particular, 8-week-old (*n* = 20) male wild-type and eNOS^−/−^ mice ([@B17]) were housed four per cage. Moreover, 4-week-old male C57BL/6J mice (Harlan Nossan) were fed either a chow regular diet (Chow) (8 kcal % fat, 19 kcal % protein, 73 kcal % carbohydrate) or a high-fat diet (HFD) (45 kcal % fat, 20 kcal % protein, and 35 kcal % carbohydrate, D12451; Research Diets, New Brunswick, NJ) for 6 weeks before treatments. While fed on chow or a HFD, these mice (*n* = 10 per group) were further treated with either vehicle or ACEA (at 2.5 mg/kg i.p.) for 4 weeks. To avoid potential habituation, ACEA doses were increased through time as treatment advanced as follows: 1.25 mg/kg on days 1--3, 1.9 mg/kg on days 4--6, and 2.5 mg/kg for the rest of treatment ([@B18]). Mice did not display signs of catalepsy (as frozen postures or immobility) (data not shown). Body weight and food intake were recorded weekly. Adiposity (wet weight of visceral and subcutaneous fat), cumulative food intake (for the time of the experiment), and feed efficiency were measured ([@B2]). On the day of the experiments, animals were killed by cervical dislocation and epididymal WAT was immediately isolated, frozen in liquid nitrogen, and stored at −80°C before processing for mRNA, protein, and citrate synthase analysis.

Isolation of mouse mature adipocytes.
-------------------------------------

Wild-type and eNOS^−/−^ mice, both on the chow regular diet (*n* = 6 per group), were killed, and epididymal WAT was excised. Fat pads from two mice were pooled, and mature adipocytes were acutely isolated in Hank\'s balanced salt solution (HBSS) containing 4% bovine serum albumin (BSA) and 1.5 mg/ml collagenase (Calbiochem) as previously described ([@B19]).

RNA analysis.
-------------

Quantitative RT-PCR reactions were performed as previously described ([@B14]) and run with the iQ SybrGreenI SuperMix (Bio-Rad) on an iCycler iQ Real Time PCR detection system (Bio-Rad). Calculations were performed by a comparative method (2^−ΔΔCt^) using 18S rRNA as an internal control. Primers were designed using Beacon Designer 2.6 software (Premier Biosoft International).

Immunoblot analysis.
--------------------

Protein extracts were analyzed by immunoblotting as previously described ([@B14]). Protein extracts were obtained by harvesting cultured adipocytes in M-PER Mammalian Protein Extraction Reagent as indicated by the manufacturer in the presence of 1 mmol/l NaVO~4~, 10 mmol/l NaF, and a cocktail of protease inhibitors (Sigma-Aldrich). Protein content was determined by the bicinchoninic acid protein assay (Pierce), and 50 μg proteins were run on SDS-PAGE under reducing conditions. The separated proteins were then electrophoretically transferred to a nitrocellulose membrane (Pierce). Proteins of interest were revealed with specific antibodies: anti-eNOS (Transduction Labs), anti--cytochrome c oxidase IV (COX IV) (Molecular Probes), and anti--cytochrome c (Cyt c) (BD Bioscience), each at 1:500 dilution; anti--phospho--p38 MAPK (Thr180/Tyr182) and anti--p38 MAPK (both at 1:1,000 dilution; Cell Signaling Technology); anti--phospho--AMPKα (Thr172) and anti--AMPKα (both at 1:1,000 dilution; Cell Signaling Technology); and anti--β-actin (1:10,000; Sigma-Aldrich). The immunostaining was detected using horseradish peroxidase--conjugated anti-rabbit or anti-mouse immunoglobulin for 1 h at room temperature. After the visualization of phospho--p38 MAPK or phospho-AMPKα, filters were stripped with the Re-Blot Western blot recycling kit (Chemicon International) and further used for the visualization of total p38 MAPK or AMPKα. Bands were revealed by the SuperSignal Substrate (Pierce) and quantitated by densitometry using a Quick Image densitometer (Canberra Packard) and a Phoretix 1D, version 3.0, software image analyser.

Mitochondrial DNA.
------------------

Mitochondrial DNA copy number was measured by means of quantitative PCR from the cytochrome C oxidase II mtDNA gene compared with the *UCP2* nuclear gene in tissues of ACEA-treated mice and wild-type mice fed either chow or a HFD as previously described ([@B14]).

Oxygen consumption.
-------------------

White adipocytes were harvested by trypsinization, centrifuged at 500*g* for 5 min at 4°C, and resuspended in HBSS. Cell samples (4 × 10^6^/ml) were analyzed at 37°C in a gas-tight vessel equipped with a Clark-type oxygen electrode (Rank Brothers) connected to a chart recorder. Cellular oxygen consumption was measured as previously described ([@B14]). The oxygen electrode was calibrated, assuming the concentration of oxygen in the incubation medium at 37°C to be 200 μmol/l. Protein content in both cell and tissue samples was determined by the bicinchoninic acid protein assay (Pierce).

Mitochondrial mass.
-------------------

White adipocytes seeded onto glass coverslips were incubated with medium containing 200 nmol/l Mitotracker red 580 (Invitrogen). After incubation for 30 min at 37°C, coverslips were rinsed two times with medium and two times with PBS and fixed at room temperature for 10 min in 4% paraformaldehyde in PBS. Coverslips were mounted onto glass slides and were then observed with a Bio-Rad confocal microscope MRC1024.

Citrate synthase activity and statistical methods.
--------------------------------------------------

The activity was measured spectrophotometrically at 412 nm at 30°C in either tisssue or whole cell extracts ([@B14]). Tissue or cell homogenates were added to buffer containing 0.1 mmol/l 5,5-dithio-bis-(2-nitrobenzoic) acid, 0.5 mmol/l oxaloacetate, 50 μmol/l EDTA, 0.31 mmol/l acetyl CoA, 5 mmol/l triethanolamine hydrochloride, and 0.1 mol/l Tris-HCl, pH 8.1. Citrate synthase activity was expressed as nanomoles citrate produced per minute per milligram of protein or relative values. Raw data from each experiment were analyzed using either ANOVA with Newman-Keuls\' multiple comparison post hoc test or *t* test.

RESULTS
=======

ACEA decreases mitochondrial biogenesis in mouse white adipocytes.
------------------------------------------------------------------

CB1 receptor stimulation by ACEA, AEA, and 2-AG downregulated mitochondrial biogenesis in a reversed concentration-dependent manner in cultured mouse white adipocytes ([Fig. 1](#F1){ref-type="fig"} and supplementary Fig. 1, available in the online appendix \[<http://diabetes.diabetesjournals.org/cgi/content/full/db09-1881/DC1>\]). In particular, the effects of ACEA, tested on several mitochondrial markers, were most evident at 0.01 μmol/l, with higher concentrations being less effective ([Fig. 1](#F1){ref-type="fig"}) and lower concentrations (0.01--1.0 nmol/l) lacking efficacy (supplementary Fig. 2). The mRNA levels of PGC-1α, nuclear respiratory factor-1 (NRF-1), and mitochondrial DNA transcription factor A (Tfam) (three key regulators of mitochondrial biogenesis) ([@B20]), as well as the mtDNA amount, were lower in ACEA- than in vehicle-treated cells ([Fig. 1](#F1){ref-type="fig"}*A* and *B*). Protein levels of COX IV and Cyt c (two mitochondrial proteins involved in oxidative phosphorylation) ([Fig. 1](#F1){ref-type="fig"}*C*), activity of citrate synthase ([Fig. 1](#F1){ref-type="fig"}*D*), and oxygen consumption ([Fig. 1](#F1){ref-type="fig"}*E*) were decreased by the CB1 receptor stimulation. Furthemore, white adipocytes treated with ACEA showed a significant decrease of MitoTracker Red signal, indicating the decrease of mitochondrial mass compared with vehicle-treated cells ([Fig. 1](#F1){ref-type="fig"}*F*). Similar results were obtained with AEA and 2-AG (supplementary Fig. 1).

![The CB1 receptor agonist ACEA decreases mitochondrial biogenesis in cultured mouse white adipocytes. *A*: PGC-1α, NRF-1, and Tfam mRNA levels were analyzed by means of quantitative RT-PCR in white adipocytes treated either with vehicle (0.002% DMSO) (Veh) or different doses of ACEA for 2 days. Relative expression values of the vehicle-treated cells were taken as 1.0 (*n* = 5 experiments; \**P* \< 0.05 and \*\**P* \< 0.01 vs. vehicle-treated cells). *B*: mtDNA amount, analyzed by means of quantitative PCR and expressed as mtDNA copy number per nuclear DNA copy number. \**P* \< 0.05 and \*\**P* \< 0.01 vs. vehicle-treated cells. *C*: COX IV and Cyt c proteins were detected by immunoblot analysis (one experiment representative of five reproducible ones). Numbers below the blots are values of densitometric analysis referring to β-actin. *D* and *E*: Citrate synthase activity (nmol citrate · min^−1^ · mg^−1^ protein) (*D*) oxygen consumption (nmol O~2~ · min^−1^ · mg^−1^ protein) (*E*) were expressed as fold change vs. vehicle-treated cells taken as 1.0 (*n* = 3 experiments; \**P* \< 0.05 and \*\**P* \< 0.01 vs. vehicle-treated cells). All data represent means ± SEM. *F*: Mitochondrial mass in white fat cells visualized as MitoTracker Red signal by confocal microscopy. Images were acquired by using a ×40 objective. (A high-quality color representation of this figure is available in the online issue.)](zdb0111063500001){#F1}

ACEA decreases mitochondrial biogenesis in human subcutaneous and visceral white adipocytes.
--------------------------------------------------------------------------------------------

CB1 receptor stimulation by ACEA downregulated mitochondrial biogenesis in cultured subcutaneous and visceral white adipocytes of normal-weight subjects. A significant reduction of PGC-1α, NRF-1, and Tfam mRNA levels was observed in subcutaneous and visceral white adipocytes exposed for 2 days to 0.01 μmol/l ACEA (supplementary Fig. 3*A*). Similarly, the mtDNA amount, COX IV and Cyt c protein levels, citrate synthase activity, and oxygen consumption were decreased by the CB1 receptor stimulation (supplementary Fig. 3*B--E*). All of these effects were dose dependent, with maximal effect at 0.01 μmol/l ACEA (data not shown). Although the expression of CB1 receptor was reported to be higher in the subcutaneous than in the visceral fat of lean subjects ([@B21]), no relevant difference in the ACEA effects on mitochondrial biogenesis were seen between human subcutaneous and visceral adipocytes. Further analysis will be necessary to clarify this point.

NO-generating pathway is involved in ACEA effects on mitochondrial biogenesis.
------------------------------------------------------------------------------

Given that eNOS stimulation was reported to increase mitochondrial biogenesis in WAT cells ([@B2]) and that CB1 receptor blockade promotes mitochondrial biogenesis by upregulating eNOS ([@B14]), we hypothesized that the inhibitory effects of CB1 agonists on mitochondrial biogenesis could be due to downregulation of eNOS expression and NO production. ACEA significantly decreased eNOS mRNA ([Fig. 2](#F2){ref-type="fig"}*A*) and protein levels ([Fig. 2](#F2){ref-type="fig"}*B*) in primary mouse white adipocytes. To verify that the downregulation of eNOS by ACEA is a relevant molecular mechanism by which mitochondrial biogenesis is affected, mouse fat cells were treated with 0.01 μmol/l ACEA in the presence of two structurally unrelated NO donors. (Z)-1-\[2-(2-aminoethyl)-N-(2-ammonioethyl)amino\]- diazen-1-ium-1,2-diolate\] (DETA-NO) (50 μmol/l) prevented the effect of ACEA on mitochondrial biogenesis with a full restoration of PGC-1α, NRF-1, Tfam, COX IV, and Cyt c expression and mtDNA amount in fat cells ([Fig. 2](#F2){ref-type="fig"}*C* and *D*). Similar results were obtained with 100 μmol/l S-nitroso-acetyl penicillamine (SNAP) (data not shown).

![ACEA downregulates eNOS expression in cultured mouse white adipocytes. *A* and *B*: eNOS mRNA and protein, analyzed by quantitative RT-PCR and immunoblotting, in vehicle-treated cells (0.002% DMSO) (Veh) or after exposure to different doses of ACEA for 2 days. *A*: Relative expression values of the vehicle-treated cells were taken as 1.0 (*n* = 5 experiments; \**P* \< 0.05 and \*\**P* \< 0.01 vs. vehicle). *B*: One experiment representative of five reproducible ones. Numbers below the blots are values of densitometric analysis referring to β-actin. *C*: PGC-1α, NRF-1, Tfam, COX IV, and Cyt c mRNA in white adipocytes treated with ACEA alone or in combination with DETA-NO for 2 days. Relative expression values of the untreated cells were taken as 1.0 (*n* = 4 experiments; \*\**P* \< 0.01 vs. vehicle-treated cells and †*P* \< 0.05 vs. ACEA-treated cells). *D*: mtDNA amount, expressed as mtDNA copy number per nuclear DNA copy number. \*\**P* \< 0.01 vs. vehicle-treated cells. †*P* \< 0.05 vs. ACEA-treated cells. All data represent means ± SEM.](zdb0111063500002){#F2}

ACEA affects mitochondrial biogenesis through CB1 receptor stimulation.
-----------------------------------------------------------------------

Prolonged exposure of white adipocytes to different concentrations of ACEA did not modify CB1 receptor mRNA levels (supplementary Fig. 4*A*). CB2 mRNA levels were decreased by ACEA treatment (supplementary Fig. 4*B*). Because CB1 agonists induce adipocyte differentiation ([@B15],[@B22]), the latter result may reflect the reduction of CB2 receptors that accompanies adipocyte differentiation ([@B22]). To assess the CB1 receptor dependence of ACEA effects on eNOS expression and mitochondrial biogenesis, primary white adipocytes were transfected with small interference RNA (siRNA) against CB1 receptor or nontargeting siRNA as a negative control. We verified that CB1 siRNA reduced CB1 receptor mRNA levels by 85% ([Fig. 3](#F3){ref-type="fig"}*A*). While white adipocytes treated with 0.01 μmol/l ACEA showed decreased eNOS mRNA, CB1 receptor knockdown reduced the inhibitory effects of ACEA with a partial, albeit statistically significant, recovery of eNOS expression ([Fig. 3](#F3){ref-type="fig"}*B*). Accordingly, a partial recovery of mitochondrial gene expression, mtDNA amount, and citrate synthase activity was observed ([Fig. 3](#F3){ref-type="fig"}*C--E*). Importantly, the CB1 silencing per se did not modify any mitochondrial biogenesis parameters. Thus, our present results suggest that the effects of ACEA on eNOS expression and mitochondrial biogenesis are at least in part mediated by the CB1 receptors in white adipocytes. However, we investigated the potential involvement of another reported target of low concentrations (in micromoles) of ACEA, i.e., the transient receptor potential vanilloid subfamily type 1 (TRPV1) ([@B23]). This receptor is expressed in preadipocytes and at a lower amount also in adipocytes ([@B24]), where its activation reduces lipogenesis, possibly exerting effects opposite to those of CB1 stimulation ([@B24]). Primary white adipocytes were transfected with siRNA against TRPV1 receptor or nontargeting siRNA as a negative control. We verified that TRPV1 siRNA reduced TRPV1 receptor mRNA levels by 80% (supplementary Fig. 5). Notably, TRPV1 receptor knockdown left unchanged the inhibitory effects of 0.01 μmol/l ACEA on eNOS and mitochondrial gene expression, mtDNA amount, and citrate synthase activity (supplementary Fig. 5).

![ACEA decreases mitochondrial biogenesis through CB1 receptor stimulation in cultured mouse white adipocytes. *A*: CB1 receptor expression in white adipocytes transfected with either CB1 siRNA or nontargeting siRNA. \*\*\**P* \< 0.001 vs. vehicle-treated cells. *B--E*: mitochondrial biogenesis parameters in white adipocytes transfected with either CB1 siRNA or nontargeting siRNA and treated with vehicle (0.002% DMSO) (Veh) or with ACEA for 2 days. *B*: eNOS expression. *C*: PGC-1α, NRF-1, and Tfam expression. Relative expression values of the vehicle-treated cells were taken as 1.0 (*n* = 5 experiments; \*\**P* \< 0.01 vs. vehicle-treated cells and †*P* \< 0.05 vs. ACEA-treated cells). *D*: mtDNA amount. *E*: Citrate synthase activity. \*\**P* \< 0.01 vs. vehicle-treated cells. †*P* \< 0.05 vs. ACEA-treated cells. All data represent means ± SEM.](zdb0111063500003){#F3}

ACEA induces p38 MAPK activation via eNOS downregulation.
---------------------------------------------------------

Increasing evidence suggests that a link exists between NO/eNOS and p38 MAPK activity in various cell types ([@B4],[@B25]). In particular, p38 MAPK phosphorylation is increased in ventricular cardiomyocytes of eNOS knockout mice ([@B4]). Actually, we found that p38 MAPK phosphorylation was 90 ± 4% higher in WAT of eNOS^−/−^ compared with littermate control mice ([Fig. 4](#F4){ref-type="fig"}*A*).

![Phosphorylation of p38 MAPK depends on eNOS in WAT and white adipocytes. *A*: p38 MAPK phosphorylation in WAT obtained from WT and eNOS^−/−^ mice. *B*: p38 MAPK phosphorylation in mature white adipocytes isolated from wild-type and eNOS^−/−^ mice. *A* and *B*: Representative immunoblots of five reproducible ones. Bar graphs show the densitometric quantification of the blots (phospho--p38 MAPK normalized to total p38 MAPK) with wild-type values taken as 1.0. \*\**P* \< 0.01 vs. wild-type. *C*: p38 MAPK phosphorylation in primary white adipocytes treated for 1 h with vehicle (0.002% DMSO) (Veh) or ACEA. Values from the densitometric analysis are shown with vehicle values taken as 1.0. \*\**P* \< 0.01 vs. vehicle. *D*: p38 MAPK phosphorylation in primary white adipocytes from WT and eNOS^−/−^ mice exposed to vehicle (open bars) or to 0.01 μmol/l ACEA (closed bars). Values from the densitometric analysis are shown with untreated wild-type values taken as 1.0. \*\**P* \< 0.01 vs. untreated wild-type adipocytes. †*P* \< 0.05 vs. ACEA-treated WT adipocytes. All data represent means ± SEM.](zdb0111063500004){#F4}

Because WAT contains different cell types besides adipocytes, mature white adipocytes were acutely isolated from epididymal fat pad of eNOS^−/−^ and wild-type littermates on the chow regular diet. Again, isolated adipocytes with eNOS gene deletion showed strongly increased p38 MAPK phosphorylation ([Fig. 4](#F4){ref-type="fig"}*B*). CB1 receptor stimulation can activate p38 MAPK ([@B26]). Treatment of cultured white adipocytes with 0.01 μmol/l ACEA increased p38 MAPK phosphorylation within 30 min, and this effect persisted until 24 h (representative data are shown at 1 h \[[Fig. 4](#F4){ref-type="fig"}*C*\]). Further, primary white adipocytes from eNOS^−/−^ mice showed increased phospho--p38 MAPK protein compared with primary adipocytes from wild-type mice ([Fig. 4](#F4){ref-type="fig"}*D*). Interestingly, ACEA (0.01 μmol/l for 1--16 h) was unable to increase p38 MAPK phosphorylation in primary white adipocytes obtained from eNOS^−/−^ knockout unlike that from wild-type mice ([Fig. 4](#F4){ref-type="fig"}*D*), suggesting that p38 MAPK activation by ACEA occurs via eNOS downregulation. Accordingly, ACEA was ineffective at further decreasing the impaired mitochondrial biogenesis in white adipocytes lacking eNOS (data not shown).

ACEA affects mitochondrial biogenesis through p38 MAPK activation.
------------------------------------------------------------------

Because p38 MAPK activation has been reported to decrease PGC-1α expression in C2C12 cells ([@B5]), we investigated whether p38 MAPK was involved in mitochondrial biogenesis downregulation by ACEA. Treatment with p38 MAPK inhibitors SB203580 and SB202190 prevented the 0.01 μmol/l ACEA-induced decreases in PGC-1α, NRF-1, and Tfam mRNA levels ([Fig. 5](#F5){ref-type="fig"}*A*), mtDNA amount ([Fig. 5](#F5){ref-type="fig"}*B*), and citrate synthase activity ([Fig. 5](#F5){ref-type="fig"}*C*).

![Inhibition of p38 MAPK reverses the effects of ACEA on mitochondrial biogenesis in mouse white adipocytes. *A*: mRNA levels of PGC-1α, NRF-1, and Tfam. *B*: mtDNA amount. *C*: Citrate synthase in white adipocytes treated with ACEA for 16 h in the presence or absence of 10 μmol/l SB203580 or SB202190 (*n* = 5 experiments; \*\**P* \< 0.01 vs. vehicle-treated cells and †*P* \< 0.05 vs. ACEA-treated cells). *D* and *E*: Efficacy of p38α MAPK siRNA (NT, nontargeting siRNA). *D*: Quantitative RT-PCR (*n* = 5 experiments; \*\**P* \< 0.01 vs. vehicle. *E*: Anti--p38α MAPK immunoblots (one experiment representative of five reproducible ones, with bars showing densitometric analysis) (\*\**P* \< 0.01 vs. vehicle). *F* and *G*: Effect of p38α MAPK siRNA on ACEA-induced reductions in PGC-1α, NRF-1, Tfam mRNA expression, and mtDNA amount. \*\**P* \< 0.01 vs. vehicle-treated cells (−). †*P* \< 0.05 vs. ACEA-treated cells. All data represent means ± SEM.](zdb0111063500005){#F5}

Because pharmacological inhibitors are often nonspecific, white adipocytes were transfected with siRNA directed against p38α MAPK or nontargeting siRNA as a negative control. The p38 MAPK mRNA levels were reduced by 75 ± 3% ([Fig. 5](#F5){ref-type="fig"}*D*), while the p38 MAPK protein levels were reduced by 60 ± 3% ([Fig. 5](#F5){ref-type="fig"}*E*) in p38α MAPK siRNA-treated cells. Importantly, the p38α MAPK silencing prevented the 0.01 μmol/l ACEA-mediated downregulation of PGC-1α, NRF1, and Tfam ([Fig. 5](#F5){ref-type="fig"}*F*) and the reduction of mtDNA amount ([Fig. 5](#F5){ref-type="fig"}*G*), confirming a mechanistic role for the p38 MAPK-dependent pathways in mediating the effects of ACEA on mitochondrial biogenesis in fat cells.

ACEA inhibits AMPK phosphorylation.
-----------------------------------

We demonstrated that CB1 receptor blockade increased AMPK phosphorylation and activity in cultured white adipocytes ([@B14]). Since the AMPK cascade has been described to activate eNOS and NO production ([@B6]), we hypothesized that AMPK might be involved in the effect of CB1 receptor stimulation on mitochondrial biogenesis. In fact, treatment of cultured white adipocytes with 0.01 μmol/l ACEA reduced AMPK phosphorylation (supplementary Fig. 6).

CB1 receptor agonist downregulates mitochondrial biogenesis in metabolically active tissues and increases body weight in obese mice.
------------------------------------------------------------------------------------------------------------------------------------

To assess whether the cannabinoid receptor stimulation decreases mitochondrial biogenesis in vivo, we examined the eNOS expression and markers of mitochondrial biogenesis in epididymal fat pads, tibialis muscle, and liver derived from male mice on either the chow regular diet or HFD for 6 weeks and then treated with ACEA (2.5 mg · kg^−1^ · day^−1^ i.p.) ([@B16],[@B18]) or vehicle for 4 weeks. No effect was seen in chow regular diet--fed mice ([Fig. 6](#F6){ref-type="fig"} and supplementary Figs. 7 and 8). As expected ([@B27]), HFD reduced eNOS expression and mitochondrial biogenesis in WAT of untreated mice ([Fig. 6](#F6){ref-type="fig"}). This effect was observed also in muscle and liver (supplementary Figs. 7 and 8). Although eNOS expression was unchanged in WAT ([Fig. 6](#F6){ref-type="fig"}*A*), it was decreased in muscle and liver (supplementary Figs. 7*A* and 8*A*), and the mRNA levels of PGC-1α, NRF-1, and Tfam and the mtDNA amount were lower in WAT ([Fig. 6](#F6){ref-type="fig"}*B* and *C*), muscle (supplementary Fig. 7*B* and *C*), and liver (supplementary Fig. 8*B* and *C*) of ACEA-treated HFD mice than in those of vehicle-treated HFD mice. Also, COX IV and Cyt c protein levels and citrate synthase activity were lower in WAT ([Fig. 6](#F6){ref-type="fig"}*D* and *E*), muscle (supplementary Fig. 7*D* and *E*), and liver (supplementary Fig. 8*D* and *E*) of ACEA-treated HFD mice than in those of vehicle-treated HFD mice. Further, ACEA treatment increased p38 MAPK phosphorylation in WAT, muscle, and liver of HFD mice ([Fig. 6](#F6){ref-type="fig"}*F* and supplementary Figs. 7*F* and 8*F*). We previously found that AMPK activity was reduced in WAT of HFD-fed mice ([@B14]). Noticeably, ACEA treatment decreased AMPK phosphorylation in WAT ([Fig. 6](#F6){ref-type="fig"}*G*), muscle (supplementary Fig. 7*G*), and liver (supplementary Fig. 8*G*) of HFD mice.

![CB1 receptor stimulation downregulates mitochondrial biogenesis in WAT of obese mice. *A*: eNOS mRNA, analyzed by means of quantitative RT-PCR, and eNOS protein level, detected by immunoblot with densitometric analysis, in WAT of both ACEA- and vehicle-treated mice on a chow regular diet or HFD (*n* = 8 animals; \*\**P* \< 0.01 vs. vehicle-treated mice on a chow regular diet). *B* and *C*: PGC-1α, NRF-1, and Tfam mRNA levels and mtDNA amount in WAT of both ACEA- and vehicle-treated mice on a chow regular diet or HFD (*n* = 8 animals; \*\**P* \< 0.01 vs. vehicle-treated mice on a chow regular diet and †*P* \< 0.05 vs. vehicle-treated mice on a HFD). *D*: COX IV and Cyt c protein levels detected by immunoblot with densitometric analysis (*n* = 3 experiments; \*\**P* \< 0.01 vs. vehicle-treated mice on a chow regular diet and †*P* \< 0.05 vs. vehicle-treated mice on a HFD). *E*: Citrate synthase activity (*n* = 3 experiments; \*\**P* \< 0.01 vs. vehicle-treated mice on a chow regular diet and †*P* \< 0.05 vs. vehicle-treated mice on a HFD). *F*: p38 MAPK phosphorylation in WAT of vehicle- and ACEA-treated mice on a HFD. *G*: AMPK phosphorylation in WAT of vehicle- and ACEA-treated mice on a HFD. All data represent means ± SEM.](zdb0111063500006){#F6}

Interestingly, unlike chow regular diet--fed mice, the mean body weight and adiposity of the ACEA-treated mice were higher compared with those of the vehicle-treated mice on the HFD ([Fig. 7](#F7){ref-type="fig"}*A* and *B*). Cumulative food intake was comparable between the two groups ([Fig. 7](#F7){ref-type="fig"}*C*), although ACEA-treated mice showed a greater feed efficiency than their vehicle-treated controls ([Fig. 7](#F7){ref-type="fig"}*D*). These results suggest that a CB1 receptor stimulation may impair the oxidative metabolism in WAT, muscle, and liver and lead to further increase of body weight and adiposity in obese animals on a HFD.

![CB1 receptor stimulation increases body weight in obese mice. *A*: Body weight of ACEA- or vehicle-treated mice on a HFD compared with vehicle-treated mice on a chow regular diet (*n* = 10 animals per group; \**P* \< 0.05 vs. vehicle-treated mice on a HFD). ○, chow plus vehicle; ●, chow plus ACEA; □, HFD plus vehicle; ■, HFD plus ACEA. *B--D*: Adiposity (expressed as percentage of weight of visceral and subcutaneous fat when value of vehicle (Veh)-treated mice on chow regular diet is 100), cumulative food intake, and feed efficiency (*n* = 8 animals per group; \**P* \< 0.05 \*\**P* \< 0.01 vs. vehicle-treated mice on a chow regular diet and †*P* \< 0.05 vs. vehicle-treated mice on a HFD).](zdb0111063500007){#F7}

DISCUSSION
==========

We have previously demonstrated that both genetic (CB1 knockout mice) and pharmacological (SR141716-treated mice) blockade of the cannabinoid CB1 receptor increases mitochondrial biogenesis in an eNOS-dependent manner and enhances AMPK activity in white adipocytes and WAT ([@B14]), possibly antagonizing an endocannabinoid tone present in cultured fat cells and in fat. The present study clearly demonstrates that ACEA and endocannabinoid receptor agonists downregulate mitochondrial biogenesis and function in mouse and human primary white adipocytes. In particular, the expression of PGC-1α, which coordinately regulates the entire mitochondrial biogenesis program ([@B20]), was markedly and concentration-dependently decreased by the cannabinoid agonists. Mitochondrial mass and function were decreased as well.

Notably, the CB1 receptor stimulation decreases mitochondrial biogenesis in metabolically active tissues, including WAT, muscle, and liver, in vivo. Four week treatment with ACEA, at a concentration that does not impair locomotor activity or induce evident side effects ([@B18]), reduced mitochondrial biogenesis in obese mice (i.e., HFD-fed mice). Although food intake was comparable between the two groups, feed efficiency was higher in the ACEA-treated than in the vehicle-treated obese mice, suggesting that the whole-body oxidative metabolism is decreased in the drug-treated animals. Accordingly, the body weight and adiposity of treated obese mice were higher compared with those of the vehicle-treated obese animals. On the contrary, ACEA was ineffective in chow regular diet--fed mice. In line with previous reports ([@B28]), food intake measured 1--3 h after the first ACEA administration was transiently increased in both lean and HFD mice (data not shown). A few hypotheses may be offered to explain the lack of ACEA effects in lean mice after chronic treatment. Since cannabinoid/CB1 signaling is overactive in the peripheral tissues of HFD mice, including WAT ([@B15],[@B22]), it is possible that ACEA only worked in these mice as a result of additive effects with the enhanced endogenous tone. Furthermore, like AEA, ACEA is degraded by the enzyme fatty acid amide hydrolase (FAAH), which is less expressed in the WAT of obese humans ([@B29]) and shows reduced activity in the liver of HFD mice ([@B30]) compared with lean controls. Thus, it is possible that ACEA could undergo enhanced FAAH degradation in lean mice. Further, differences have been found in FAAH expression between visceral and subcutaneous WAT of HFD mice, possibly contributing to the observation that while the endocannabinoid system is overactive in visceral fat, it seems to be hypoactive in the subcutaneous adipose tissue ([@B22],[@B31]). Further work will be required to clarify this complex point.

Multiple lines of evidence support the hypothesis that mitochondrial dysfunction is a key feature of obesity, insulin resistance, and type 2 diabetes ([@B1],[@B27]) and may contribute to reduced lipid oxidation and accumulation of adipose and/or intramyocellular lipids ([@B32]). Moreover, a key role of endocannabinoids in the regulation of energy homeostasis, at both the central and peripheral levels, has been suggested ([@B8],[@B33]). In particular, the endocannabinoids have emerged as an important link between cell energy metabolism and obesity, insulin resistance, and type 2 diabetes ([@B34]). Elevated circulating and adipose endocannabinoid levels in obese and type 2 diabetic subjects correlate with insulin resistance ([@B35]). Moreover, the infusion of cannabinoid receptor agonists in both rodents and humans induces insulin resistance in liver, muscle, and adipose tissue ([@B36]) and inhibits the respiratory enzyme activity of different rodent tissues (brain, liver, skeletal muscle, and heart) ([@B37]), with a reduction of the oxygen consumption rates ([@B38]). Here, we demonstrated that endocannabinoids and ACEA decrease several mitochondrial biogenesis markers, including PGC-1α expression, and reduce mitochondrial function in different metabolically active tissues. Our previous studies showed that PGC-1α expression was reduced in WAT from mice with either genetic or diet-induced obesity ([@B27])---a result recently strenghtened by the observation that adipose expression of PGC-1α and mitochondrial genes is decreased in obese compared with nonobese cotwins ([@B39]).

Notably, while CB1 receptor expression increases with adipocyte differentiation ([@B15],[@B22]), CB1 receptor stimulation increases adipogenesis ([@B15],[@B22]). Our results with ACEA suggest that the CB1 receptor may be involved in adipose mitochondrial biogenesis downregulation. Nonetheless, a robust knockdown of the CB1 receptor did not completely reduce the inhibitory effects of ACEA on eNOS expression and mitochondrial biogenesis. Although ACEA is described as a selective CB1 receptor agonist ([@B16]), one cannot exclude that either CB2 receptor or cannabinoid receptor--independent signaling pathways may be partly involved in the control of eNOS-mediated mitochondrial biogenesis by ACEA. CB2 receptors were downregulated by prolonged exposure to ACEA, although this may be linked to the CB1-induced adipocyte differentiation ([@B40]), which is accompanied by CB2 downregulation ([@B22],[@B40]). Moreover, the present results argue against the involvement of TRPV1, which can be stimulated by ACEA ([@B23]) and is expressed in low amounts in adipocytes ([@B24]). The TRPV1 activation would have been able to explain the reversed concentration-response curve of ACEA. Although CB1 receptor downregulation may not be ruled out, the reason for such a behavior remains an open question. On the other hand, endocannabinoids, such as AEA and 2-AG, are produced upon demand through the hydrolysis of precursor *N*-arachidonoyl-phosphatidylethanolamine ([@B16]) and may be taken up into the cells by simple diffusion or through specific membrane transporter ([@B41]). Intriguingly, endocannabinoids and synthetic cannabinoids may bind to transcription factors (i.e., PPAR-γ) ([@B42]) or cause changes in integrated mitochondrial function, directly, in the absence of cannabinoid receptors ([@B43]).

Our present findings strongly suggest that the mitochondrial biogenesis deficit induced by ACEA is a consequence of a deficit in the NO-generating system. Not only does ACEA downregulate eNOS expression but NO donors are able to counteract the ACEA effects on mitochondrial biogenesis in white adipocytes. Previous studies have shown that NO stimulates cellular AEA uptake and degradation ([@B44]). Therefore, based on the present results, there might be a vicious circle through which ACEA, by reducing NO production, prevents its own degradation (as well as that of endogenous cannabinoids), thus possibly amplifying its own effects, especially in HFD mice, where eNOS expression is reduced.

Although NO has been shown to increase p38 MAPK activity in endothelial cells ([@B25]), other groups have reported that eNOS inhibition increases p38 MAPK activity in cardiomyocytes ([@B4]). We now demonstrate that sustained activation of p38 MAPK by ACEA occurs in parallel with reductions in eNOS and PGC-1α. Moreover, using *1*) two inhibitors of p38 MAPK activity, and *2*) siRNA-mediated reduction in p38α MAPK expression, we show that p38 MAPK can mediate ACEA-induced decreases in mitochondrial biogenesis parameters, including PGC-1α expression. Interestingly, our data are in line with a recent study demonstrating that activation of p38 MAPK contributed to palmitate-mediated reduction of PGC-1α in skeletal muscle cells ([@B5]). We show here that p38 MAPK phosphorylation is increased by ACEA treatment in WAT, muscle, and liver of HFD-fed mice. Moreover, p38 MAPK phosphorylation is increased in WAT and mature white adipocytes of eNOS knockout compared with wild-type mice, and ACEA is unable to further increase p38 MAPK phosphorylation in primary adipocytes obtained from eNOS^−/−^ mice. This inability of ACEA was accompanied by the lack of further inhibitory effects on the already downregulated mitochondrial biogenesis in adipocytes from eNOS^−/−^ mice. These findings support the notion that p38 MAPK may be a potential antiobesity target, as suggested by others ([@B45],[@B46]). Taken together, our data demonstrate that the ACEA-mediated eNOS decrease results in sustained activation of p38 MAPK, which may serve as a negative transcriptional regulator of PGC-1α and downstream mitochondrial gene expression, in adipocytes. AMPK, another enzyme central to cellular bioenergetics ([@B7]), was reported to increase eNOS activity ([@B6]), which is consistent with the observation that CB1 blockade activates AMPK ([@B14]). We showed here that AMPK activity, measured as Thr172 phosphorylation, was reduced in the metabolically active tissues of ACEA-treated HFD mice. The clinical implications of our results would be strengthened by altering eNOS, p38 MAPK, and/or AMPK pathways in HFD mice to assess possible improvement of mitochondrial biogenesis and reduction of weight gain.

It is interesting that basal p38 MAPK phosphorylation is increased in adipocytes from type 2 diabetic subjects in association with decreased insulin receptor substrate-1 and GLUT4 content ([@B47]). In addition, high-fat feeding in rats increases p38 MAPK phosphorylation in heart ([@B48]), and p38 activation is associated with hepatic insulin resistance ([@B49]). Also, in view of the present data, the fact that a HFD enhances p38 MAPK phosphorylation in the heart might be due to endocannabinoid overactivity. In fact, heart endocannabinoid levels are elevated with two different types of HFD in mice ([@B50]). Thus, our findings support the notion that impaired mitochondrial biogenesis contributes to obesity and related metabolic disorders and might help in the design of innovative drugs to selectively counteract the cannabinoid system overactivity in peripheral tissues of obese/diabetic patients.
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